Introduction
Inadequate postoperative pain control is associated with decreased patient satisfaction and delayed hospital discharge, which results in increased health-care costs and patient distress. With an increasing number of procedures being performed in the United States, inadequate pain control has the potential to have an ever significant impact on health-care costs. [1, 2] Liposomal bupivacaine (Exparel (®)) was originally approved by the US Food and Drug Administration (FDA) in October 2011 for use as a local anesthetic by wound infiltration for hemorrhoidectomies and bunionectomies. [3] The maximum FDA-approved dosage of liposomal bupivacaine is 266 mg. Since the original approval, the FDA issued expanded the use of liposomal bupivacaine to "local surgical infiltration" on December 2015 [ Table 1 ]. Under this expansion, liposomal bupivacaine for transversus abdominis plane (TAP) blocks, specifically, is an FDA approved use. [4] Liposomal bupivacaine is an extended release form of bupivacaine that may last as long as 3 days after a single infiltration. [5] Since its initial approval, it has been used to provide effective analgesia in thoracic, orthopedic, and abdominal surgeries. In addition, there have been several studies examining the safety and efficacy of liposomal bupivacaine on off-label peripheral nerve blocks. [6] The safety profile and efficacy of liposomal bupivacaine have not been fully established; however, to date, it appears that liposomal bupivacaine is an important drug for postoperative analgesia and has the potential to provide a significant tool for many types of surgeries. [7] 
Pharmacological Properties and Safety
Bupivacaine is the active compound in liposomal bupivacaine, which is an amide local anesthetic. The target site for local anesthetics is voltage-gated sodium ion channels, which alternate between several conformational states, including "activated" and "inactivated" states. Local anesthetics bind to the activated and inactivated states more readily. Local anesthetics bind the intracellular portion of voltage-gated sodium channels, and therefore, pKa of local anesthetics has a significant impact on the onset of blockage because only the nonionized form of the local anesthetic can cross inside the nerves. Bupivacaine has a pKa of 8.1 and it is, therefore, about 83% ionized at a physiologic pH of 7.4. Thus, a large percentage of the molecules are charged. As a result, bupivacaine has a slower onset than molecules with a pKa closer to physiologic pH of 7.4. [8] The form of liposomal bupivacaine approved for use in the United States is based on DepoFoam technology, which consists of encapsulating drugs in a liposomal platform and releasing them over a desired period of 1-30 days. These multivesicular liposomes are made of biodegradable cholesterol, triglycerides, and phospholipids. The composition of drugs is not altered within these multivesicular liposomes. [9] Unilamellar liposomes consist of a concentric lipid bilayer, which surrounds an aqueous compartment. In contrast, multivesicular liposomes do not have concentric bilayers; they consist of closely packed vesicles. This nonconcentric nature of multivesicular liposomes may be what allows the long duration of action of drugs. [10, 11] Internal fusion and division occur in multivesicular liposomes, and this may allow internalized drugs to be released in a delayed fashion. This allows for a sustained drug delivery while avoiding systemic toxicity from high plasma drug levels. [9] Bupivacaine has one of the longer half-lives of the commonly used local anesthetic drugs in modern-day anesthesia practices. It has a terminal half-life of 3.5 h. [8] The primary determinant of the duration of anesthesia is protein binding. Nearly 95% of bupivacaine is protein bound. This distinctively unique characteristic of bupivacaine allows for a long half-life. Extending the half-life with liposomes for a drug with an already-long half-life such as bupivacaine is a logical choice. [8] Bupivacaine is an amide anesthetic that is metabolized by hepatic carboxylesterases and cytochrome P450 enzymes. Only a trivial amount of amide local anesthetics is excreted through the renal system. As a result, a decrease in hepatic clearance or hepatic blood flow can predispose patients to the accumulation of these drugs in the plasma.
Bupivacaine is highly potent and lipid soluble. This allows it to readily cross the blood-brain-barrier and cause central nervous system (CNS) toxicity. This potential for CNS toxicity may be further exacerbated by hypercarbia, hypercapnia, decrease in protein binding of a local anesthetic, and by systemic acidosis. When compared to lidocaine, bupivacaine has four times the relative potency for CNS toxicity. More potent agents such as bupivacaine can lead to adverse outcomes such as complete heart block and cardiovascular collapse. [8] Therefore, giving higher dosages of bupivacaine in hopes of prolonging anesthesia is potentially harmful. In contrast, liposomal bupivacaine has been shown to decrease the toxic dosages in vivo. In a study by Boogaerts et al., when compared to plain bupivacaine, rabbits required more than twice the dose of liposomal bupivacaine to produce seizures and ventricular arrhythmias. [12] Consequently, liposomal bupivacaine offers the advantage of potentially providing greater safety. [12] In addition to the known sodium channel-blocking properties, bupivacaine has the potential to block potassium channels. This has the potential of producing serious cardiac arrhythmias. Naseem et al. studied the effects of QTc prolongation after a single subcutaneous administration of liposomal bupivacaine in 4 dosages: 300 mg, 450 mg, 600 mg, and 750 mg. All four dosages did not produce any clinically significant prolongation in QTc. Interestingly, a slight shortening of the interval was observed, and the clinical significance of this is not known. [13] The sole fraction of bupivacaine available to enter the CNS and the cardiovascular system is the free (ie. non-liposomal) formulation, because multilamellar liposomes do not cross the blood-brain barrier. [12] Liposomal bupivacaine is released into the plasma in two different ways after local tissue infiltration. Initially, plain bupivacaine in the "liposomal bupivacaine" solution is systemically absorbed. Subsequently, there is a gradual, sustained release of bupivacaine from multilamellar vesicles. This may explain why despite a large amount of drug deposition, less systemic toxicity is seen. Since liposomes limit the immediate release of bupivacaine, we postulate that liposomal bupivacaine is likely to cause less systemic toxicity with accidental intravascular injections. Currently, the manufacturer recommends that liposomal bupivacaine be administered 20 min after lidocaine, and other formulations of bupivacaine should not be administered 96 h after administration of liposomal bupivacaine. Liposomal bupivacaine should not be allowed to come into contact with antiseptics such as chlorhexidine or povidone iodine in solution. If a topical antiseptic us used, the surgical site should be allowed to dry before administration of liposomal bupivacaine. Contact with antiseptics may cause the liposomes to disband, which can suddenly release toxic amounts of bupivacaine into the plasma. [14] Bramlett et al. studied the pharmacokinetic parameters of liposomal bupivacaine. Patients undergoing total knee arthroplasty were treated with plain bupivacaine 150 mg, and varying quantities of liposomal bupivacaine (133 mg, 266 mg, 399 mg, and 532 mg). A dose-proportional increase was observed in C max (maximum observed plasma concentration) and a slightly greater than dose-proportional increase was observed in AUC 0-∞ (area under the plasma concentration-time curve from time of study drug administration to infinity). Significant systemic plasma levels of bupivacaine persisted for up to 96 h after local infiltration with liposomal bupivacaine. However, systemic plasma concentration may not correlate with clinical effect. [15] At this time, there are no adequate and well-controlled studies of liposomal bupivacaine in pregnant women. Animal reproduction studies have been conducted to evaluate bupivacaine. In these studies, subcutaneous administration of bupivacaine to rats and rabbits during organogenesis was associated with embryo-fetal deaths in rabbits at a dose equivalent to the maximum recommended human dose (MRHD).
Clinical Uses
At present, liposomal bupivacaine has many different applications that are outlined below. It appears that broader indications for its use will be presented to the FDA in the near future. As mentioned in the previous section, liposomal bupivacaine has consistently demonstrated a safety profile similar to that of plain bupivacaine. As a result, off-label use has accelerated. Currently, it is being studied in peripheral nerve blocks and neuraxial techniques. However, the largest body of data supporting its clinical use remains with surgical site infiltration.
Surgical site infiltration
Liposomal bupivacaine was first approved by the FDA in October 2011 for infiltration of surgical sites. It is currently only approved for postoperative pain control by local infiltration after bunionectomy and hemorrhoidectomy. [15] Several randomized trials have examined the efficacy and safety of liposomal bupivacaine. The efficacy of liposomal bupivacaine has been studied for local wound infiltration in mammoplasty, total knee arthroplasty, bunionectomy, hemorrhoidectomy, inguinal hernia repair, and TAP blocks. In the above studies, liposomal bupivacaine has been shown to achieve clinically meaningful lower cumulative pain scores, reduce opioid requirements, expedite discharge from the hospital, and reduce hospital cost. [6] Smoot et al. performed a multicenter, randomized, double-blind study to compare the efficacy of liposomal bupivacaine compared to 0.5% bupivacaine with 1:200,000 epinephrine in patients undergoing bilateral, cosmetic, and submuscular augmentation mammoplasty. The control group received 600 mg liposomal bupivacaine while the treatment group received 200 mg of 0.5% bupivacaine with epinephrine divided in the implant pockets. Both groups also received rescue oxycodone as needed, and acetaminophen 1000 mg 3 times daily. The total amount of opioid consumed was significantly lower in the treatment group, but there was no significant difference in the pain scores between the two groups. The authors concluded that this study may have been underpowered. [16] Golf et al. conducted a multicenter, randomized, double-blind Phase III clinical trial on patients undergoing bunionectomy. The treatment group received 180 mg of liposomal bupivacaine in 8 ml and control group normal saline 8 ml via local wound infiltration. Authors concluded that liposomal bupivacaine use led to decreased opioid use and extended pain relief when compared to placebo. [17] Gorfine et al. performed a multicenter, randomized, double-blind, parallel group placebo-controlled Phase III study to compare the efficacy of liposomal bupivacaine compared to placebo in patients undergoing hemorrhoidectomy. The treatment group received 300 mg liposomal bupivacaine in 30 ml versus 30 ml of normal saline placebo in the control group. The study revealed a statistically significant reduction in pain through 72 h, there was a delay in time to first opioid use, decreased total opioid use, and an overall improved patient satisfaction in the control group when compared to placebo. wound infiltration, and oral 1 g acetaminophen, 600 mg ibuprofen every 6 h for 3 days after surgery. The treatment group had significantly less use of opioids after surgery, median hospital day was shorter, and the average cost of hospitalization was shorter. However, this study did not directly compare placebo or nonliposomal bupivacaine with liposomal bupivacaine. Therefore, it is difficult to draw a definitive conclusion about the efficacy of liposomal bupivacaine alone. [19] Transversus abdominis plane (TAP) blocks TAP blocks have gained popularity as a regional anesthesia technique for intraabdominal surgery. [20] Recent studies show promise in using liposomal bupivacaine for TAP blocks and local surgical site infiltration after abdominal surgery. Keller et al. performed a pilot study in 50 consecutive patients undergoing elective laparoscopic colorectal resection by giving the experimental group a postinduction, preincision bilateral TAP block and local peritoneal infiltration at port-insertion sites with liposomal bupivacaine. This was compared to a control group with no TAP block or local infiltration. The experimental group had a significantly decreased intraoperative opioid requirement, decreased postanesthesia care unit pain scores, and shorter length of stay. [21] This study has important implications for the ability of liposomal bupivacaine in lowering health-care costs.
Hutchins et al. conducted a prospective randomized controlled observer-blinded study comparing bilateral TAP blocks with plain bupivacaine to bilateral TAP blocks with liposomal bupivacaine in patients undergoing robot-assisted hysterectomies. Patients in the liposomal bupivacaine had significantly decreased nausea, lower maximal pain scores at all time periods studied, and significantly decreased total opioid use in the first 72 h after injections. [22] Gasanova et al. compared surgical site infiltration with liposomal bupivacaine with TAP blocks using plain bupivacaine in patients undergoing open total abdominal hysterectomies. They found that group with surgical site infiltration had significantly lower pain scores at rest and with coughing, and significantly lower opioid requirements between 24 and 48 h. [23] The abovementioned studies indicate that liposomal bupivacaine may offer superior pain relief when compared to plain bupivacaine in both TAP blocks and local surgical site infiltration. Studies comparing liposomal bupivacaine for TAP blocks and local infiltration will shed light on this topic. Another recent study compared TAP block infiltrated with with liposomal bupivacaine to continuous epidural analgesia with plain bupivacaine. The authors found similar postoperative pain scores and opioid consumption. [24] As mentioned previously, liposomal bupivacaine is approved by the FDA for TAP block use.
Intraarticular use
Bramlett et al. performed a multicenter, randomized, double-blinded, Phase II dose-ranging study evaluating the pharmacokinetics, safety, and efficacy of liposomal bupivacaine in patients undergoing total knee arthroplasty. The treatment group received liposomal bupivacaine dosed at 133 mg, 266 mg, 399 mg, or 523 mg, injected into the deep tissues before implantation. The control group received plain bupivacaine 150 mg injected into the deep tissues before implantation. The authors concluded that the total consumption of opioids, mean pain scores, time for a return to normal daily activities, and time to resumption to work were not statistically different.
[15] However, Barrington et al. have argued that the size of needle and technique for wound infiltration may play a major role in the efficacy of liposomal bupivacaine. They have argued that smaller needles and distribution of the drug in small amounts may be better. [25] 
Epidural use
Boogaerts et al. conducted one of the first studies in 1997 of epidural administration liposomal bupivacaine, and compared the efficacy and safety of liposomal bupivacaine to plain bupivacaine. [26] The patients received 10 ml of either 0.5% plain bupivacaine with 1:200,000 epinephrine or 0.5% liposomal bupivacaine. The median duration of analgesia was 3.2 in the control group, and 6.25 h in the treatment group. The authors concluded that there was no increased incidence of cardiotoxicity, neurotoxicity, or motor block with liposomal bupivacaine use.
Viscusi et al. performed a Phase I, double-blind, randomized, dose-escalating study of the effects of a single L3-L4 epidural administration of liposomal bupivacaine. Healthy volunteers in the treatment received liposomal bupivacaine 89 mg, 155 mg, 266 mg, and volunteers in the control group received plain bupivacaine 50 mg. The half-lives of liposomal bupivacaine were similar and 3 times longer than plain bupivacaine and the maximum plasma concentration of bupivacaine was statistically significantly lower with all liposomal bupivacaine administrations. The proportion of subjects with the motor block was lower with liposomal bupivacaine groups, and sensory numbness to cold was about 6 times longer with liposomal bupivacaine 266 mg when compared to plain bupivacaine. [27] 
Peripheral nerve blocks
Recently, the manufacturer of liposomal bupivacaine has submitted an application to the FDA for an expansion of indications for liposomal bupivacaine. This application includes multiple clinical trials completed by the manufacturer.
[9] Ilfeld recruited 14 healthy volunteers for a dose-response study with liposomal bupivacaine in subjects undergoing femoral nerve blocks. Subjects were given anywhere from 0 mg to 80 mg of liposomal bupivacaine in 30 ml of NS. Two separate dosages were given to each subject -one on each limb. Interestingly, the authors noted that as the dosage of liposomal bupivacaine was escalated, the magnitude of motor block decreased. There was also significant intersubject variability. However, the healthy volunteers may not have been an appropriate representation of the surgical population. In addition, the small sample size may have caused the results to be skewed. [28] There is a paucity of data over the efficacy of liposomal bupivacaine in peripheral nerve blocks. However, preliminary data from the manufacturer, Pacira Pharmaceuticals, Inc San Diego, CA., who sponsored these trials do suggest that liposomal bupivacaine may have a similar safety profile as plain bupivacaine. In a separate study, Ilfeld et al. evaluated the safety of liposomal bupivacaine in peripheral nerve blocks. The authors pooled data from 6 Phase I to III trials and concluded that myotoxicity and neurotoxicity do not significantly differ between plain bupivacaine and liposomal bupivacaine. [9] Rice et al. conducted a prospective, randomized, controlled trial in 108 patients undergoing thoracic procedures. A total of 108 patients undergoing video-assisted thoracotomy, robot-assisted thoracotomy, and open thoracotomy were randomized to receive a thoracic epidural or a unilateral, five-level posterior intercostals nerve block with a total of 266 mg of liposomal bupivacaine. The median hospital stay for the liposomal bupivacaine group was 3 days, and 4 days for the thoracic epidural group. In addition, there were no significant differences in postoperative pain, perioperative complications, and opioid utilization between the two groups. The authors concluded that liposomal bupivacaine is safe and provides effective analgesia for patients undergoing thoracic surgery and that it may be considered an alternative to thoracic epidurals. [3] 
Conclusions
Currently, liposomal bupivacaine is only approved for use in local surgical site infiltration in patients undergoing bunionectomy and hemorrhoidectomy. Although its efficacy has yet to be thoroughly studied in peripheral nerve blocks, it does appear to have a similar safety profile to plain bupivacaine. Therefore, more studies are warranted, and liposomal bupivacaine use appears to be promising for extended postoperative pain relief with peripheral nerve blocks.
Bupivacaine is currently labeled as pregnancy category C drug, as subcutaneous administration of bupivacaine to rats and rabbits during organogenesis were associated with embryo-fetal deaths in rabbits at a dose equivalent to the MRHD. Therefore, liposomal bupivacaine is also pregnancy category C drug per the FDA.
Liposomal bupivacaine has a limited role during labor, but may be of benefit if patients continue to have pain after cesarean deliveries, and may be equivalent or better than TAP blocks.
Liposomal bupivacaine may also prove to be useful in the management of chronic pain patients. Nociception for facet joint arthropathy is carried by the median branches of dorsal rami. Radiofrequency ablation (RFA) of median branches of the dorsal rami is very effective in providing pain relief for several months. However, before RFA, clinicians typically perform diagnostic and therapeutic "median branch blocks" by injecting a local anesthetic such as plain lidocaine or bupivacaine, which provide relief for minutes to a few hours until they are seen at a follow-up visit in the clinic for more definitive treatment. [29] Liposomal bupivacaine has the potential to provide significant relief for 2-3 days -just before these patients are seen for follow-up and definitive RFA. Liposomal bupivacaine has been reasonably safe in peripheral nerve blocks and its use may benefit patients with chronic headaches and migraines, specifically for blocking greater/lesser occipital nerves, auriculotemporal nerves, zygomaticotemporal, and supraorbital nerves used for scalp blocks. In addition, liposomal bupivacaine has the potential to provide extended relief with trigger point injections commonly used in pain medicine.
Initially, liposomal bupivacaine was limited to local surgical site infiltration of bunionectomies and hemorrhoidectomies at a maximum dose of 266 mg. The FDA has recently expanded the approved use of this formulation to "local surgical site infiltration." This has made TAP blocks and other infiltrations now as approved uses. The most robust data for the use of this formulation are its application in surgical site infiltration in abdominal surgeries. We anticipate that liposomal bupivacaine will have a greater role after abdominal surgeries, especially because a recent pilot study revealed that it may help reduce hospital length of stay.
Liposomal bupivacaine has a similar safety profile to plain bupivacaine, which will continue to promote off-label investigation. It has shown promise in peripheral nerve blocks, but higher powered trials are warranted to fully evaluate its efficacy. Further studies are warranted for its use in epidural and intrathecal administration. In addition, this formulation may have important applications in outpatient pain management.
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